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Intellectual Merit

This project will support the participation of University of Richmond faculty, students, and
others in collaborative work on experiments at the Thomas Jefferson National Accelerator Facility
(TJNAF). The work will be done as part of the CLAS Collaboration in Hall B at TJNAF. We are
mapping out the transition from the hadronic picture of atomic nuclei to one where the quark and
gluon degrees of freedom become prominent. We are extracting the out-of-plane structure functions
of the deuteron in the region where the hadronic picture should begin to break down. By taking
advantage of the nearly 4 − π solid angle of CLAS we can measure components of the deuteron
wave function that have been largely unknown before now; ones where the momenta of protons
ejected from the deuteron do not lie in the usual scattering plane determined by the incoming and
outgoing electron. This method is largely model independent. Using the same data set, we are
extracting the magnetic form factor Gn

M
of the neutron using the ratio of e-p to e-n quasielastic

scattering from deuterium. The elastic electromagnetic form factors are the most basic observables
that describe the internal structure of the proton and neutron. This experiment will cover the Q2

range up to 5 (GeV/c)2 and will extend eventually down to Q2
≈ 0.2 (GeV/c)2 where comparisons

can be made with other measurements. We are also developing new ideas to push this method to
higher Q2 as part of the 12-GeV Upgrade at TJNAF.

We are also working to understand the nature of quark confinement. The quest to understand
confinement quantitatively is an essential goal of modern nuclear physics. We are part of a broad
assault on this mystery using the atomic nucleus essentially as a filter to study how a bare quark
propagates through nuclear matter and then how it combines with other quarks to form hadrons.
This study is also part of the TJNAF, 12-GeV Upgrade program.

Broader Impact

We expect to have a broad impact on the students and others at the University of Richmond.
The University is a primarily undergraduate institution and this project gives our young people
the opportunity to engage in high-quality science at a formative stage in their careers. In recent
years we have been successful at attracting under-represented groups into our research group at
Richmond. We also propose the inclusion of a high school science teacher and students in our
research enterprise. This High School Research Fellow (HSRF) would work side-by-side with our
research group and, in time, develop new curricular materials for their own classroom. We would
then bring on high school students to support the HSRF during the testing and final development
phase. The HSRF component of this project has the potential to significantly enhance the impact
in our community and on our young people.
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1 Introduction

We are requesting support for the project entitled ‘RUI: Nuclear Physics Research at the University
of Richmond’ for student and faculty research at the Thomas Jefferson National Accelerator Facility
or Jefferson Lab (JLab). The work will be done using the CLAS detector in Hall B at JLab.
The Principal Investigator (PI), Dr. Gerard P. Gilfoyle is professor of physics at the University of
Richmond and is a member of the CLAS Collaboration. This work has been supported in the past by
the US Department of Energy (DOE) and we will be submitting a renewal proposal to DOE in fall,
2006. The physics goals of this project are (1) to investigate the transition from hadronic degrees of
freedom in the low-Q2 regime to quark-gluon degrees of freedom at high-Q2 using the deuteron as
our testing ground and (2) to investigate the nature of confinement by measuring the propagation
of quarks through nuclear matter and the subsequent formation of hadrons. A summary of the
physics projects our group is working on is shown in Table 1. More details are in Section 2. We

Title Type

Out-of-Plane Measurements of the Structure Functions of the
Deuteron (Gilfoyle: spokesperson)

CLAS-Approved
Analysis

Measurement of the Neutron Magnetic Form Factor at
High Q2 Using the Ratio Method on Deuterium (Gilfoyle:
spokesperson and contact person)

Letter-of-Intent
LOI12-06-107

The Neutron Magnetic Form Factor from Precision Mea-
surements of the Ratio of Quasielastic Electron-Neutron to
Electron-Proton Scattering in Deuterium

Experiment E94-
017

Quark Propagation and Hadron Formation (Gilfoyle: co-
spokesperson)

Proposal PR12-06-
117

Table 1: Summary of primary physics interests of the Richmond group.

are also involved in a technical project to perform radiative corrections for exclusive reactions
and committed to developing software for the JLab 12-GeV Upgrade.1 An essential aspect of the
project is the involvement of undergraduates and student training (the University is a primarily
undergraduate institution). Our students have been involved in all aspects of these projects from
taking shifts with faculty to developing codes for running simulations of the CLAS detector. They
have made seven presentations at local and national meetings in the last two years [2, 3, 4, 5, 6, 7, 8].
They also learn sophisticated data analysis methods using the 34-node, computing cluster in the
PI’s on-campus laboratory acquired through the NSF’s Major Research Instrumentation program.
We have also made an impact on under-represented groups in physics; in the last two years two
women and two African-American men worked in our laboratory at Richmond. This grant will
continue the forward momentum we have built in our program to achieve the physics goals and
to involve our undergraduates at the University of Richmond in meaningful, high-quality research.
We also request funds to bring a High School Research Fellow (HSRF) into our group to enhance
our research productivity and to develop new curricular materials that will reach a large number
of young people in the local community. The HSRF would strengthen an already-active outreach
program in the our Physics Department. The remainder of the proposal consists of descriptions of

1The DOE plans to upgrade the electron accelerator at JLab from a beam energy of 6 GeV to 12 GeV. The upgrade
will require extensive changes to the accelerator and to CLAS to take advantage of the new physics opportunities.
The upgraded CLAS detector is called CLAS12. The JLab, 12GeV-Upgrade is fourth highest priority out of 28 for
the DOE office of Science in the next 20 years [1].
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the proposed physics and technical projects (Section 2), the research environment at the University
of Richmond and the impact on our students (Section 3), and a description of the HSRF (Section
4). We conclude with a discussion of results from prior NSF support (Section 5). We note here that
Dr. Gilfoyle was elected chair of the Nuclear Physics Working Group of the CLAS Collaboration in
summer, 2006 and his six-year tenure as chair of Physics ended in May, 2006. He is scheduled to be
on sabbatical during the 2009-2010 academic year which will be during the period of this proposal.

2 Project Description

The research effort in nuclear physics is part of the program at the Thomas Jefferson National
Accelerator Facility (TJNAF or JLab) in Newport News, VA. The primary goal of TJNAF is to
reveal the quark and gluon structure of protons, neutrons, and atomic nuclei and to deepen our
understanding of matter and, in particular, the confinement of quarks. In this section we describe
the experimental environment and the specific physics programs.

TJNAF is a unique tool for basic research in nuclear physics. The central instrument is a su-
perconducting electron accelerator with a maximum energy of 4-6 GeV, a 100% duty cycle, and
a maximum current of 200 µA. These excellent beam characteristics allow for novel experiments
that are being used to develop a quark-based understanding of nuclei. The electron beam is used
simultaneously for scattering experiments in three halls that contain complimentary experimen-
tal equipment. Our research is done in Hall B with the CEBAF Large Acceptance Spectrometer
(CLAS). This device is a large (45-ton), toroidal, multi-gap magnetic spectrometer with nearly
full solid angle coverage. See Figure 1. A toroidal magnetic field is generated by six iron-free

Figure 1: The CLAS detector.
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superconducting coils. The particle detection system consists of drift chambers [9] to determine the
trajectories of charged particles, Cerenkov detectors [10] for the identification of electrons, scintilla-
tion counters [11] for time-of-flight measurements, and electromagnetic calorimeters [12] to identify
electrons and to detect photons and neutrons. The six segments are instrumented individually
to form six independent spectrometers. Together there are about 33,000 detecting elements. The
CLAS detector is capable of acquiring approximately 1 terabyte of data per day. It was constructed
and is operated by an international collaboration consisting of thirty-six institutions. The Rich-
mond group has been part of the CLAS Collaboration since its inception, and has been actively
involved in the construction of the spectrometer and the development of the physics program.

2.1 Out-of-Plane Structure Functions of the Deuteron

The hadronic model of nuclear physics uses nucleonic degrees of freedom to describe nuclei and
has been successful at low Q2, but it is not well-developed in the GeV region even though we
expect it to be valid there. There has simply been no data to challenge theory. The relative
importance of relativistic corrections, final-state interactions, meson-exchange currents, and isobar
configurations is only now beginning to be studied [13]. To investigate these effects, the deuteron
is an essential testing ground because it is the simplest nucleus. This project fits into the overall
goal at JLab to understand the transition for nucleon degrees of freedom to quark-gluon ones. We
need measurements to provide a baseline for the hadronic model so deviations at higher Q2 can be
attributed to quark-gluon effects with greater confidence. This is an important step in unraveling
the quark-gluon substructure of nucleons and nuclei according to the Nuclear Science Advisory
Committee (NSAC)2 and the JLab Program Advisory Committee (PAC)[14, 15]. To this end we
are investigating the out-of-plane structure functions of the deuteron using the reaction D(~e, e ′p)n
with CLAS. The cross section for the reaction can be written as

dσ5

dωdΩedΩpq

= C
(

ρLfL + ρT fT + ρTT fTT cos φpq + ρLT fLT cos 2φpq + hρ′LT f ′

LT sinφpq

)

(1)

where C and the ρi are functions of the known electron parameters, h is the helicity of the electron
beam, and φpq is the azimuthal angle of the ejected proton relative to the 3-momentum transfer
~q. This angle φpq is the angle between the plane defined by the incoming and outgoing electron
3-momenta and the plane defined by the ejected proton and neutron. See Figure 2. The structure
functions are an essential meeting ground between theory and experiment and the unique, nearly-
4π solid angle of CLAS coupled with the high-quality, polarized beams at JLab create an inviting
opportunity to study f ′

LT , fLT , and fTT . These structure functions depend on φpq and have not
been extensively investigated in the past. They represent a model-independent measurement of a
little-studied part of the deuteron cross section and probe its wave function.

The three structure functions are being extracted from the E5 data set by measuring different
moments of the out-of-plane production in CLAS. The E5 data set consists of two beam energies
(2.6 GeV and 4.2 GeV) with the CLAS torus set for normal polarity (electrons inbending) and
another low-beam-energy setting (2.6 GeV) with reversed torus polarity (electrons outbending) to
reach lower Q2. Each of the measured moments of the data is related to a different asymmetry
which is, in turn, proportional to a particular structure function. For example, the asymmetry A ′

LT

is associated with f ′

LT and is called the fifth structure function. It is the imaginary part of the

2NSAC is an advisory committee that provides official advice to the Department of Energy (DOE) and the National
Science Foundation (NSF) on the national program for basic nuclear science research. NSAC is chartered under the
Federal Advisory Committee Act (FACA).
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Figure 2: Kinematics of the D(~e, e′p)n reaction.

LT interference. It can be determined by taking the difference between the the sinφpq-weighted
average 〈sinφpq〉 for different beam helicities

〈sinφpq〉+ − 〈sinφpq〉− =
ρ′LT f ′

LT

ρLfL + ρT fT

≈ A′

LT (2)

where the plus and minus subscripts refer to the beam helicity and

〈sinφpq〉± =
1

N±

N±
∑

i=1

sinφi (3)

where φi is φpq for an event and N± is summed over all events of a particular beam helicity. The
accuracy of the approximation in Equation 2 depends on the effect of the LT and TT components
of the cross section which are typically small. The data cover the 4-momentum transfer range
Q2 = 0.1 − 5.0 (GeV/c)2. We are studying the reaction in quasi-elastic kinematics first and will
later investigate higher energy transfers.

Preliminary results for A′

LT are shown in Figure 3 as a function of the missing momentum
~pm = ~q−~pp where ~pp is the measured proton momentum. In the plane-wave impulse approximation
this is the opposite of the initial momentum of the proton in the deuteron. These are the first data
measured for this asymmetry in this Q2 range. The results are for two sets of running conditions at
a beam energy of 2.6 GeV; one with normal CLAS torus polarity (electron inbending) and one with
reversed torus polarity (electron outbending) to reach lower Q2. There is also a data set at 4.2 GeV,
but the statistics for A′

LT are poor. The two sets of points in each panel for are electron and proton
fiducial cuts turned off (blue, filled squares) and on (red, open circles). One of the expectations
we had in this project is that by using the ratio defined in Equation 3, we would be less sensitive
to acceptance corrections. The red and blue points support that expectation. Turning the fiducial
cuts on reduces the CLAS acceptance (we lose about half the events), but the asymmetries in each
case are consistent with each other within the uncertainties. Our preliminary results also show we
can observe small asymmetries with good precision in quasi-elastic kinematics. The curves on each
plot are from Arenhoevel [16] averaged over the CLAS acceptance. The Arenhoevel calculations
have been successful at low Q2 and use the hadronic model approach with various corrections added
[19]. Those calculations agree with the data for pm < 0.22 (GeV/c), but overpredict the magnitude
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Figure 3: Preliminary results for the asymmetry A′

LT for the 2.6-GeV, E5 data sets. The red, open
circles are with electron and proton fiducial cuts turned on. The blue, filled squares are with those
cuts turned off.

of the asymmetry at higher missing momentum. We also have preliminary calculations from Laget
and Jeschonnek that we are preparing for a comparison with our data [17, 18].

The analysis of the structure function f ′

LT for quasielastic kinematics is far along and will
be completed in the near future. We have completed establishing the criteria for event selection
including kinematics cuts and electron and hadron fiducial cuts and finished momentum corrections
to improve the CLAS resolution for all three sets of running conditions. We have performed a
variety of tests and consistency checks on the different E5 running conditions. We are performing
simulations of CLAS to ensure that we understand the detector response and test our analysis
codes. As mentioned above we expect the ratios in Equations 2 and 3 to be less sensitive to the
acceptances. Our simulations support this expectation. There are other JLab experiments that
complement this study. Experiment E01-020 in Hall A will measure the angular distributions
of D(e, e′p)n in a comparable Q2 range and extract the LT response function (see Equation 1).
The data for that experiment are being analyzed. For our analysis the combination of kinematic
coverage and out-of-plane measurements is unique.

This work is part of a CLAS Approved Analysis entitled ‘Out-of-Plane Measurements of the
Structure Functions of the Deuteron’. The CLAS Collaboration has a procedure where Collabo-
ration members can analyze existing data sets with official Collaboration approval. The member
writes a proposal describing an analysis project, it is reviewed by an internal committee, and then
defended before the full Collaboration. Gilfoyle is the spokesperson on this analysis project that
was approved in November, 2003 [21]. The analysis of f ′

LT is in its last phases and we will present
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results at the fall, 2006 Division of Nuclear Physics meeting. A CLAS analysis note is in prepara-
tion. A CLAS analysis note is a technical description of the physics analysis that is reviewed by
a Collaboration collaboration. If approved, the authors can then go forward to write a paper for
publication.

In the period for this proposal, we will complete the analysis of the f ′

LT results and move on
to the other two structure functions fLT and fTT in quasielastic kinematics using similar analysis
methods. This is a unique opportunity to measure the three, out-of-plane, φpq-dependent, structure
functions in a model-independent way from a single experiment that covers a large Q2 range under
a common set of experimental conditions in the transition region from hadronic to quark-gluon
degrees of freedom and has considerable overlaps and cross checks between the different data sets.
Once that is complete, we will investigate different energy transfer (i.e., the ‘dip’ region). These
other structure functions and kinematic regions are sensitive to different mixtures of the relativistic
corrections, final-state interactions, meson-exchange currents, and isobar configurations. We have
a unique chance here to untangle these different effects and clearly establish a hadronic baseline for
the transition to quark-gluon degrees of freedom.

2.2 Magnetic Form Factor of the Neutron

The elastic electromagnetic form factors are the most basic observables that describe the internal
structure of the proton and neutron. The differential cross section for elastic electron-nucleon
scattering can then be calculated in the laboratory frame as [22]

dσ

dΩ
= σMott

(

G2
E +

τ

ε
G2

M

)

(

1

1 + τ

)

(4)

where σMott is the cross section for scattering from a point particle, GE is the magnetic form factor,
GM is the magnetic form factor, and

τ =
Q2

4M2
and ε =

1

1 + 2(1 + τ) tan2( θ
2
)

(5)

where M is the nucleon mass and θ is the electron scattering angle. There are a total of four elastic
form factors (electric and magnetic ones for each nucleon) and their evolution with Q2 characterizes
the distributions of charge and magnetization within the proton and neutron. These observables
also provide stringent tests of non-perturbative QCD [23] and are connected to generalized parton
distributions (GPDs) via sum rules. Conventional parton distributions describe the longitudinal
momenta of the nucleon constituents, but integrate over the transverse structure losing, for exam-
ple, information about the orbital angular momentum of the partons. This new generalization of
the parton distributions permits us to simultaneously extract information about the longitudinal
and transverse parton structure of hadrons. With exclusive measurements one can determine the
longitudinal momenta and transverse position of the partons inside the proton, their orbital angu-
lar momentum, and quantum interference effects [24]. The elastic form factors are also important
challenges for lattice QCD to meet. Lattice QCD is one of the more promising avenues for solving
non-perturbative QCD and one if its important tests will be the accuracy that it can reproduce the
elastic form factors in this Q2 range [25].

We are part of a broad assault on the four elastic nucleon form factors at Jefferson Lab [26, 27, 28].
All four elastic form factors are needed to untangle the different quark contributions and our focus
is on the magnetic form factor of the neutron. For Gn

M we use the ratio of elastic e − n to elastic
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e − p scattering on deuterium. The method is based on the ratio

R =
dσ
dΩ

(D(e, e′n))
dσ
dΩ

(D(e, e′p))
= a(Q2)

Gn
E

2+τGn
M

2

1+τ
+ 2τGn

M
2 tan2( θ

2
)

G
p

E

2
+τG

p

M

2

1+τ
+ 2τGp

M
2
tan2( θ

2
)

(6)

for quasielastic kinematics where deviations from the ‘free ratio’ assumption in the right-hand part
of Equation 6 are parametrized by the factor a(Q2) which can be calculated from deuteron models
and is close to unity at large Q2. The ratio method is less vulnerable to systematic uncertainties
than previous methods [30]. Equation 6 shows how the extraction of Gn

M depends on our knowledge
of the other three nucleon form factors.

We have completed data collection and a significant portion of the analysis for a measurement
of Gn

M in the range Q2 = 0.5 − 5.0 (GeV/c)2 [29, 30]. Preliminary results are shown in Figure
4. These are the results from the E5 running period (the same experiment as the one in Section
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Figure 4: Selected results for the neutron magnetic form factor Gn
M in units of µnGD as a function

of Q2. See Reference [30] and references therein.

2.1) for two electron beam energies (2.6 GeV and 4.2 GeV) with the CLAS toroid having standard
polarity. The reversed polarity (electrons outbending) data at 2.6 GeV is still being analyzed.
The data are plotted as the ratio to µnGD where µn is the neutron magnetic moment and GD is
calculated in the dipole approximation. The data are consistent with GD for Q2 > 1.0 (GeV/c)2.
The are signs of disagreement with previous measurements for the results below 1 (GeV/c)2. There
is considerable interest in these results from the theoretical community. A comparison with some
of those calculations can be found in Ref [30]. A CLAS analysis note has been written and is under
collaboration review. We have been part of the E5 analysis group for over four years and have
provided a number of services to the group like radiative corrections (see Section 2.4), codes to
generate electron and hadron fiducial cuts, etc.

Our role in the E5 Gn
M analysis is twofold. First, we are developing a proposal for beam time

as part of the physics program for the JLab, 12-GeV Upgrade. Second, we have taken on the task
of analyzing the E5, 2.6-GeV, reversed torus polarity data to extract Gn

M using the same methods
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developed for the other sets of running conditions at 2.6 GeV and 4.2 GeV (both have normal
torus polarity). We have submitted a Letter-of-Intent to the JLab Program Advisory Committee
(PAC) to make the same measurements at higher Q2 as part of the physics program for the JLab
12-GeV Upgrade. A Letter-of-Intent is a preliminary proposal for beam time at JLab. It provides
an opportunity for researchers to get feedback from the PAC on the quality of their idea before they
make the large investment of time and effort required to produce a full proposal. One of the results
of that analysis is shown in Figure 5. The results from Figure 4 are shown at the low-Q2 end of the
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Figure 5: Results of Gn
M analysis (red points) and predictions for 12-GeV Upgrade (blue open

points).

plot. The blue, open points show the range of data we expect to collect with the upgraded JLab and
CLAS. The error bars show the expected uncertainties. We will significantly expand our knowledge
of the neutron’s magnetic form factor. Our initial studies of the feasibility of this experiment show
one of the important calibration reactions used in the current analysis, the p(e, e ′π+)n will have
sufficient cross section at these higher Q2 so that we will be able to use it. The Letter-of-Intent
was approved by the PAC in August, 2006 [31]. The PAC report is not yet published. Gilfoyle is
co-spokesperson and contact person for the Letter-of-Intent.

As mentioned above, we will also take up the analysis of the existing, 2.6-GeV, reversed-torus-
polarity data set from the E5 running period. These data cover the range Q2 = 0.1−1.0 (GeV/c)2.
They overlap with our 2.6-GeV, normal-torus-polarity data set and with the results from several
other groups. See Figure 4. There are disagreements between our data and some of the previous
measurements and our low-Q2 data could help sort out the experimental situation. At the same
time, some recent efforts by Friedrich and Walcher [32] to re-analyze the low-Q2 data for all four
quasielastic, nucleon form factors suggests that a structure they observe at Q2 ≈ 0.2 (GeV/c)2 is
due to the pion cloud. Recent measurements from BLAST [33] have shown structure in this Q2

region and other theoretical work supports the observation of the pion cloud [34, 35]. However,
other studies disagree with the observation of a structure near Q2 ≈ 0.2 (GeV/c)2 which contradicts
what is known from chiral perturbation theory and dispersion relations [36]. Our low-Q2 CLAS
data from the reversed-torus-field run with a beam energy of 2.6 GeV reach down into this Q2
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range and would overlap with the bump observed in Ref [32]. This is an excellent opportunity to
improve our understanding of nucleon structure with data we already have in hand.

During the period of this proposal we will develop the Letter-of-Intent into a full proposal for
submission next year. The PAC has approved the Letter-of-Intent, but we have not yet received the
report. One of the primary questions to answer for the full proposal will be our ability to identify
quasielastic events at high Q2. The cross section for this process is dropping relative to processes
at high W so we need to determine how well we can separate quasielastic events from background.
There are strategies for us to explore that are described in the Letter-of-Intent [31]. One method
that was used in the current analysis is to restrict the polar angle of the ejected proton relative
to ~q to reduce the inelastic background. This proved very effective in the current analysis [30].
We will also perform the analysis of the 2.6-GeV, reversed field data described above. We will be
working with M.F. Vineyard (Union College) and W.K. Brooks (JLab), the two spokespersons on
the original Gn

M proposal (E94-017). The analysis of these data and for the high-Q2 Gn
M proposal

are similar so we can make efficient use of our time and resources.

2.3 Quark Propagation and Hadron Formation

The confinement of quarks inside hadrons is perhaps the most remarkable feature of QCD. The quest
to understand confinement quantitatively and in terms of intuitive physical pictures is an essential
goal of modern nuclear physics. Much experimental attention has been focused on understanding
confinement through hadron spectroscopy. Alternatively, the subject is often introduced through
sketches of the hadronization processes by string-breaking. This picture is confirmed by lattice
calculations using static quarks, showing that the gluon field is concentrated in a flux-tube (or
string). In hadronization, the color string stretches until qq̄ pairs tunnel up from the vacuum,
thwarting the struck quark’s attempt to escape to isolation. Unfortunately, the real picture with
full QCD is more complicated than this simple picture, and lattice calculations of dynamical quarks
are not yet possible. Experimental information is necessary to guide models of hadronization, to
elucidate the mechanism of confinement.

We have proposed a broad program of measurements and analyzes to determine the mechanisms
of confinement in forming systems as part of the JLab 12-GeV Upgrade. This proposal builds
on lessons learned at lower energy for the analysis of the EG2 run period at JLab. The essential
experimental technique is to employ nuclei as analyzers of hadronization processes. In this approach,
the hadron is formed from energetic quarks over distance scales ranging from 0–10 fm, i.e. the
dimensions of atomic nuclei. The power of this technique arises from several factors: (1) the
dimensions of the analyzing medium are matched to the distance scales of the hadronization process;
(2) sophisticated knowledge about nuclear currents and properties can be exploited; (3) detailed
experimental data on deep inelastic scattering from the nucleon provide a quantitative baseline
against which to compare the data on nuclei. In essence, we use the nucleus as a ‘detector’ to probe
the hadronization formation length and the time scale on which a pre-hadron (such as a bare qq̄
pair) becomes dressed with its own gluonic field. The response of the hadron to the presence of the
nucleus depends on the time scale on which hadronization takes place inside the nucleus.

The ratio of hadrons produced relative to the production from deuterium (hadronic multiplicity
ratio Rh

M ) and transverse momentum broadening ∆p2
T are the two primary observables. These are

known to be sensitive to different kinematic regimes (which gives us the opportunity to study their
evolution) as well as the average distance through the nuclear medium, 〈L〉. Using a wide range of
nuclear targets one can measure the quark production time and hadron formation times for different
hadrons produced in the reaction. The production time τp is the lifetime of a deconfined quark,
and it will be determined by analyzing the transverse momentum broadening ∆p2

T as a function of
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〈L〉 and ν, the energy transferred by the electron beam. The length of the linear region yields the
production time. The formation times τ h

f are the time intervals required to form the color field of
hadrons, and these will be determined from the kinematic dependence of the hadronic multiplicity
ratio Rh

M by using τp and models for interactions of pre-hadrons and hadrons in nuclei. Studying
the systematic behavior of formation times for a variety of hadrons will determine the mechanisms
by which hadrons are formed.

A proposal for this program was submitted and approved by the JLab PAC in the summer of
2006 [37]. Gilfoyle is a co-spokesperson on the proposal. The PAC report is not yet published. The
document describes not a single experiment, but a wide program of measurements and analyzes
which share a common set of running conditions: deep inelastic scattering measurements, study
of hadronization, an upgraded JLab accelerator and CLAS detector, and the use of 5-6 nuclear
targets covering a large range in mass. Gilfoyle is responsible for analysis of the π0, η, and η′

channels along with Dr. K. Joo from the University of Connecticut. Results from a simulation of
the π0 and η channels are shown in Figure 6. The calculation was performed with the PYTHIA

Figure 6: Expected data from a LEPTO simulation at 11 GeV, showing neutral pions and η mesons
for a few hours of PAC time.

event generator and a fast Monte Carlo that includes the resolutions expected for upgraded CLAS
detector CLAS12. The two-photon invariant mass shown in Figure 6 demonstrates that we will be
able to identify and measure the properties of these neutral mesons.

During the period of this grant we will begin work on the simulation of events in CLAS12 to
further develop this idea. First beams are not expected until well into the next decade, but work on
design and prototyping has already begun. Dr. Joo is part of the effort to develop the calorimeters
for CLAS12 and Gilfoyle is committed to work on software including event generation. The event
generation is needed for the design of the detectors and to develop the physics program further.
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2.4 Technical Projects

The measurements of the nuclear reactions described above are all subject to radiative corrections.
A computer code called DEEP EXCLURAD for calculating these corrections is described here can
be used for the D(e, e′p)n reaction. Radiative corrections are usually calculated using the formalism
originally developed by Schwinger and Mo and Tsai [38, 39]. In that approach, it was assumed that
only the scattered electron was detected (inclusive scattering). That method suffers from several
shortcomings. First, detecting the ejected hadron (exclusive reactions) alters the phase space that is
allowed for the final radiated photon. Second, more structure functions can contribute in exclusive
reactions. Third, the Schwinger/Mo and Tsai approach relies on an unphysical parameter to split
the hard and soft regions of the radiated photon’s phase space and cancel the infrared divergence.
The method used here relies on a covariant procedure of infrared divergence cancellation which
does not require the splitting [40].

These calculations are being done with a modified version of the computer program EXCLURAD
written by Afanasev et al. [41]. The code was originally written for the p(e, e ′π+)X reaction and
it has been modified to work for the D(e, e′p)n reaction as part of the deuteron-structure-function
program described in Section 2.1. The program DEEP is being used to calculate the deuteron
response functions [42]. This routine uses the covariant spectator theory and the transversity
formalism to calculate the unpolarized, coincidence cross section for D(e, e ′p)n. The radiative
corrections are calculated as the ratio of the cross section in a particular kinematic bin to the
plane-wave-impulse-approximation (PWIA) result. Details on running the code can be found in
Reference [43].

The code has been up and running for some time and available on the internet [44]. It has
been used to to calculate the radiative corrections for the Gn

M analysis (see Section 2.2) and for
other CLAS projects. We have recently added another option for the analysis of the out-of-plane
structure functions of the deuteron (see Section 2.1). The code used to calculated the deuteron
response functions (DEEP) does not include the fifth structure function f ′

LT . We have modified
the code so the user can set the value of f ′

LT to investigate the effect of this structure function
on radiative corrections. In our analysis of f ′

LT we use an asymmetry that involves the ratio of
cross sections (see Equation 3). Part of the appeal of using this asymmetry is that it reduces the
sensitivity to radiative corrections. We found this assumption to be accurate.

During the period of this grant proposal we will continue to add to the options available in
DEEP EXCLURAD. We have been working with two theorists (S. Jeschonnek and J-M. Laget) to
acquire versions of their codes that include f ′

LT and will incorporate them into the program. A
CLAS Note (number 2005-022) describing the project was published in fall, 2005 [43].

We are also committed to development projects for the JLab 12-GeV Upgrade. We will be
responsible for design, prototyping, development, and testing of software for event simulation and
reconstruction. Event simulation is an essential aspect of the design of CLAS12 and eventual
precision of the detector. For many experiments, the quality of the results will be limited by
systematic uncertainties instead of statistical ones. Accurate, precise calculations of the CLAS12
acceptance and response are important to keep those systematic uncertainties small. To do that
we expect to generate about four times as much simulated, Monte Carlo data as CLAS12 collects.
The CLAS12 simulation will produce data more slowly than the detector itself so the contribution
of university groups to this effort is essential. The same issues that arise in designing the physics
experiments also arise in the design and prototyping phase of the project we are just entering.

During the period of this grant proposal we will begin event simulation of CLAS12 to, in part,
support the development of the physics ideas in LOI12-06-107 (Section 2.2) and PR12-06-117
(Section 2.3). The CLAS12 software group (Gilfoyle is a member) is now beginning the effort to
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simulate events.

2.5 CLAS Collaboration Service

There is a service component to membership in the CLAS Collaboration and here we mention the
activities that we are involved in now and the future. (1) We cover 12-16 data taking shifts a
year. (2) In the last two years Gilfoyle has served on review committees for four CLAS-Approved
Analysis proposal (one as chair), two CLAS Analysis Note reviews (one as chair), and on an ad
hoc review committee of a paper that was published in Physical Review D [46]. (3) The code for
calculating radiative corrections is available on the internet for the full Collaboration and it will
be updated as more response function models are added. See Section 2.4. (4) We maintain a 34-
node supercomputing cluster in our laboratory at Richmond that is available to other collaboration
members. See Section 3.3 below for more details. (5) The CLAS is a large, complex detector so it is
essential that the incoming data be carefully monitored to enable early detection of problems. The
program online RECSIS performs a full event reconstruction on a small portion of the data stream.
Gilfoyle is responsible for this tool and has upgraded its capabilities in response to user requests
[47, 48]. (6) In June, 2006 Gilfoyle was elected chair of the Nuclear Physics Working Group. He
will be responsible for organizing reviews of papers, analysis notes, PAC proposals, etc.

3 Physics at the University of Richmond

3.1 The University

The University of Richmond is a private, highly-selective, primarily-undergraduate, liberal arts
institution in Richmond, Virginia with about 3000 undergraduates. A $36M expansion and reno-
vation of the Gottwald Science Center was completed in spring 2006. All the teaching and research
spaces in Physics were renovated and two new faculty positions were added in Physics (one instruc-
tor position and one tenure line). More details are available in the RUI Impact Statement and in
this Section.

3.2 The Department of Physics

The Department of Physics consists of seven teaching faculty and we graduate about 4-8 physics
majors each year and currently have thirty-four students in our upper-level courses. From last
year’s graduating class two students have gone on to graduate school in physics at Johns Hopkins
and Kentucky including one in nuclear physics at Kentucky. There are no graduate students. The
faculty are active in experimental nuclear physics (Gilfoyle), astrophysics (Bunn), experimental
nuclear structure physics (Beausang), theoretical nuclear structure physics (Fetea), surface physics
(Trawick), and biological physics (Lipan). There is considerable external support from the De-
partment of Energy (two grants), the National Science Foundation (two grants), and NASA (one
grant). We emphasize undergraduate involvement in research from early in the students’ careers.
Students that are involved in undergraduate research are more likely to attend graduate school and
to be successful after college [49]. In the summer of 2006 fifteen of our physics majors participated
in research at Richmond, JLab, Yale University, and the University of Notre Dame. They have
accomplished much in their research careers. Eighteen have given presentations on their work at
local and national meetings in the last year. The students in our experimental nuclear physics group
have given seven presentations over the last two years [2, 3, 4, 5, 6, 7, 8]. Three more students from
our group will be presenting posters at the fall, 2006 meeting of the Division of Nuclear Physics
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(DNP) of the American Physical Society as well as another six students from the experimental and
theoretical nuclear structure groups. The students in our group obtained travel support in fall,
2005 and again in fall, 2006 from the Conference Experience for Undergraduates program of the
DNP. We have also been successful in attracting under-represented groups to work in our nuclear
physics group. Of the four people that worked in our laboratory over the last two summers, two
of those students were women and two were African-American men. The nuclear physics group
each year involves 2-3 students in research. They are integral parts of our research efforts and are
deeply involved in many aspects of the physics programs. They receive training in sophisticated
analysis methods for extracting signals from complex backgrounds, a range of programming lan-
guages (C, C++, FORTRAN, and Perl), and the Linux operating system. They also learn modern
supercomputing methods with the group’s supercomputing cluster (see Section 3.3).

Professor Gerard P. Gilfoyle, the Principal Investigator, is an accomplished experimentalist with
long experience in nuclear physics. He has done research using light ions (Indiana and Princeton
cyclotrons), heavy ions (Penn, Stony Brook, Argonne, and Berkeley), pions (Los Alamos), and
electrons (JLab). He is a long-time member of the CLAS Collaboration and currently chair of
the Nuclear Physics Working Group and member of the CLAS Coordinating Committee. He has
recently completed six years as chair of Physics at the University of Richmond. He has also worked
on nuclear proliferation issues in the US Department of Defense as a Science and Engineering
Fellow of the American Association for the Advancement of Science and on the APS Task Force
on Countering Terrorism. He is scheduled to be on sabbatical during the 2009-2010 academic year
which will be during the period of this proposal.

3.3 Facilities and Support for Nuclear Physics

Our nuclear physics group at the University of Richmond is supported by a computing cluster
developed in 2001 with NSF and University funds obtained by Gilfoyle and a former Richmond
faculty member (M.F. Vineyard now at Union College). This cluster is for the exclusive use of our
nuclear physics group though we support other Collaboration members who need it. The cluster
is, in turn, supported by an array of computers for software development and non-CPU-intensive
calculations and analysis. The system now consists of 34, dual-processor machines running the
Linux operating system and 3 TByte of RAID storage. Each machine has 18 GByte of disk space
and 256 MByte of memory. The entire system resides on its own subnet and another machine acts
as a firewall. It is in a laboratory designed for its needs with a 5-ton, 60,000-BTU air conditioner
to cool the room, an upgraded electrical panel, and backup power. The support computers are
located in an adjacent room. The entire facility is in the Physics Department research area.

The University supports our research efforts. One member of the University’s Information
Services is a Linux expert and he devotes half of his time to academic projects including support
for the supercomputing cluster. He is responsible now for keeping the CLAS software up-to-date,
updating the Linux software on the cluster and in our laboratory, and general troubleshooting.
The University also supports some undergraduate summer stipends for research. We have taken
advantage of those in the past to hire additional students and will continue to apply for those in
the future. The University also supports routine faculty travel to JLab.

3.4 Proximity to Jefferson Lab

Jefferson Lab is 75 miles from the University of Richmond enabling us to maintain frequent contacts
with the scientific staff and users at JLab. Gilfoyle spends about 1 day each week at JLab. This
proximity enables us to take students on shift with us and to attend Collaboration meetings and
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other events for little cost (i.e., some of our students attended the talk this summer at JLab by the
Nobel Laureate Dr. David Gross). The University supports routine faculty travel to JLab.

4 High School Research Fellow

We request funding in this proposal to support an outreach program to create a research experience
for a high-school science teacher during the summer months along with two high school students.
This High School Research Fellow (HSRF) would join our nuclear physics group at Richmond for
eight weeks during the first year and focus primarily on research. They would repeat the experience
in the following summer, but also start work on a curricular project. In this second summer, we
would bring in two high school students near the end of the summer to work with the HSRF for
three weeks developing and testing new curricular materials. The choice of the high school students
and the nature of their work would be decided in close consultation with the HSRF. The third year
would follow the same pattern as the second year. We also request funds so the HSRF and the
students can attend conferences and the HSRF can attend teacher programs at JLab. It is likely
this program can be used as professional development that is required for recertification of teachers
in Virginia. Many aspects of this part of our proposal were modeled after the NSF’s Research
Experience for Teachers (RET) program. We are applying the lessons learned in the RET program
to an individual research group at a liberal arts institution.

This program supports the goals of the National Science Foundation to ‘foster innovation in
K-12 science and mathematics education’ [50]. It is well known that programs like this one return
teachers to the classroom with renewed enthusiasm, technical skills, and a better understanding of
the scientific process [51]. The multi-year duration of this project is important because it reinforces
the gains made in the first summer so the effects are longer lasting [51]. The participants become
better science teachers and can reach many more young people than many university research
programs. This program will also enhance the productivity of our nuclear physics group. We will
get a more mature, technically sophisticated colleague who is better equipped for research than
many undergraduates and will work with us over several summers [51]. Our experience has been
that researchers are more productive after their first summer.

The HSRF program is well suited to the University of Richmond, the Department of Physics,
and the Principal Investigator. The University of Richmond is a primarily undergraduate insti-
tution so there is a greater emphasis on undergraduate education from the classroom to the lab
bench to the lunch table. The Department has a strong commitment to combining research and
teaching. We have a variety of ongoing research enterprises in the Department with considerable
external support and a large number of undergraduate participants (see Section 3.2). At the same
time we are constantly innovating in teaching. In the last year alone (and with significant invest-
ments from the University) we have developed a new course in biological physics (Feta, $77,000),
upgraded our Intermediate Laboratory course for physics majors (Gilfoyle, $25,000), and upgraded
our Electronics course (Trawick, $27,000). Some of that work is done during the summer. The
Department (and the University) also supports a local Physics Olympics that brings together 50-60
high school juniors and seniors to spend a day competing in various physics events for learning
and for fun [52]. This outreach program has created excellent contacts in the local high school
science community that we can exploit. The Principal Investigator has a long history of innovation
in teaching including receiving curriculum development grants from NSF, co-authoring the Physics
Department’s introductory physics laboratory manual, and developing new curricular materials for
upper-level physics courses [53, 54, 55, 56, 57]. In 2003, he received the University’s Distinguished
Educator Award. An additional bonus comes from our association and proximity with Jefferson
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Lab. JLab runs programs for teachers and high school students to develop scientific skills [58, 59].
For example, the Teacher Academy in Physical Science hosts several high school teachers each
summer and has programming to train them to be effective in the research environment at JLab.
The HSRF will be able to participate in those programs.

It is worth noting one significant difference between the HSRF and the RET program; the
inclusion of high school students. We believe they are an essential piece. They will expand the
group focused primarily on curricular development during that part of the summer. The HSRF
must assume a leadership role in this group and the high school students will look to the HSRF for
guidance, motivation, ideas, and answers. These students will also provide valuable support to get
the curricular materials developed by the end of the summer. There is no better testing ground
for new classroom methods than the students themselves. Finally, for a fairly small sum we can
significantly effect the lives of two young people and many more through the improved teaching of
the HSRF.

The impact of this program on the HSRF’s teaching will be assessed. We will use some of the
materials already developed by the RET program like pre- and post- teacher surveys. The effect on
the HSRF’s new curricular tools can be studied using an array of well-known tools [60]. Students
in the HSRF’s class will be tested at the beginning of the term to discover students weaknesses and
again at the end to determine if the curricular materials filled those gaps. This sort of assessment
is routinely done in our Physics Department at Richmond.

The results of this program will be disseminated. New curricular materials will be made available
on the internet as we do with our own materials now at Richmond. More importantly, the travel
funds we request will enable the HSRF and the high school students to present their results at
conferences. There are abundant opportunities for these presentations from local conferences (the
Virginia Academy of Science), regional ones (the Southeastern Section of the American Physical
Society), and national ones (the American Association of Physics Teachers, APS). Finally, The
HSRF can take advantage of the existing network of RET alumni.

5 Results from Prior NSF Support

An NSF Major Research Instrumentation grant in 2001 provided funds (along with $24,000 in
matching funds from the University) to purchase the supercomputing cluster in our nuclear physics
laboratory at Richmond. The title of the proposal was ‘RUI: Development of a Computing Clus-
ter to Support the University of Richmond Nuclear Physics Research Program at Jefferson Lab’
(#6030194) for $151,758 and for the period 6/01/2001 - 5/31/2003. All of the Richmond work
described in this proposal has made heavy use of the cluster for data analysis, simulation, and
radiative corrections (see Section 3). Other members of the CLAS Collaboration have used the
cluster: Vineyard (Union College), Hicks (Ohio U.), Jenkins (Virginia Tech), Wood (UMass) and
Lachniet (CMU)) along with members of the accelerator division at JLab (Freiberg, Beard, Yunn,
and Zhang).

These projects are now coming to fruition. A CLAS technical note describing the calculation of
radiative corrections has been published [43]. The first phase of the measurement of the out-of-plane
structure functions of the deuteron (Section 2.1) is nearing completion and a CLAS technical note
describing the measurement of Gn

M is under Collaboration review. All the students talks mentioned
in Section 3.2 used the cluster [2, 3, 4, 5, 6, 7, 8]. Calculations run on the cluster also lead to the
following technical reports: CLAS Note 2004-035 ‘π+ Acceptance Corrections for π → µ Decay’
and CLAS Note 2004-043 ‘A Comparison of Simple and Full Acceptance’.
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Budget Justification

YEAR 1

A.1 PI’s summer salary based on 2/9’s of academic years salary or $12,000 whichever is smallest.

B.2 Stipend for local high school teacher for 8 weeks. This is the same amount used by a similar
program at Jefferson Lab in Newport News, Va. The University’s Human Resources division
will cover any advertising costs.

B.4 Two undergraduate students for 10 summer weeks. This rate is the same as the University
stipends.

C 8.5% of wages and salaries.

E Domestic travel:

1. $1,000 - One trip for the High School Research Fellow to attend a meeting like the
American Association of Physics Teachers or Division of Nuclear Physics of the APS
and for travel to JLab.

2. $936 - Round trip mileage charge for students to take shifts at JLab and attend Col-
laboration meetings. Based on 12-16 shifts per year and three Collaboration meetings
of about 3 days/meeting. It is 150 miles round trip from the University of Richmond
to JLab, at $0.39 per mile. Note: routine faculty travel of this sort is covered by the
University.

3. $972 - Lodging at the JLab residence facility ($54/night) during shifts for faculty and
students and Collaboration meetings based on 12-16 shifts/yr and three Collaboration
meetings of about 3 days/meeting.

Total = $2,908

I - 52% of wages, salaries, and fringe benefits.

YEAR 2

A.1 PI’s salary adjusted by 3% for inflation.

B.2 Stipend for High School Research Fellow for 8 weeks and adjusted for 3% inflation.

B.4 Two undergraduate students for 10 summer weeks and adjusted for 3% inflation.

C 8.5% of wages and salaries.

E Domestic travel:

1. $1,030 - One trip for the High School Research Fellow to attend an annual meeting like
the American Association of Physics Teachers or Division of Nuclear Physics of the APS
and for travel to JLab (adjusted for 3% inflation).

2. $964 - Round trip mileage charge for students to take shifts at JLab and attend Collab-
oration meetings. Based on 12-16 shifts per year and three Collaboration meetings of
about 3 days/meeting. It is 150 miles round trip from the University of Richmond to
JLab at $0.39 per mile (adjusted for 3% inflation). Note: routine faculty travel of this
sort is covered by the University.
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3. $1001 - Lodging at the JLab residence facility ($54/night) during shifts for faculty and
students and Collaboration meetings based on 12-16 shifts/yr and three Collaboration
meetings of about 3 days/meeting (adjusted for 3% inflation).

Total = $2,995

F.1 Two high school students for three weeks at $300/wk.

F.2 $1,600 - One trip for the two high school students to attend an annual meeting like the
American Association of Physics Teachers or Division of Nuclear Physics of the APS.

I - 52% of wages, salaries, and fringe benefits.

YEAR 3

A.1 PI’s salary adjusted by 3% for inflation.

B.2 Salary for High School Research Fellow for 8 weeks and adjusted for 3% inflation.

B.4 Two undergraduate students for 10 summer weeks and adjusted for 3% inflation.

B.6 Two high school students of high school science teacher for four weeks, 40 hrs/week at $8/hr
and adjusted for 3% inflation.

C 8.5% of wages and salaries.

E Domestic travel:

1. $1,061 - One trip for the High School Research Fellow to attend an annual meeting like
the American Association of Physics Teachers or Division of Nuclear Physics of the APS
and for travel to JLab (adjusted for 3% inflation).

2. $993 - Round trip mileage charge for students to take shifts at JLab and attend Collab-
oration meetings. Based on 12-16 shifts per year and three Collaboration meetings of
about 3 days/meeting. It is 150 miles round trip from the University of Richmond to
JLab at $0.39 per mile (adjusted for 3% inflation). Note: routine faculty travel of this
sort is covered by the University.

3. $1,031 - Lodging at the JLab residence facility ($54/night) during shifts for faculty
and students and Collaboration meetings based on 16 shifts/yr and three Collaboration
meetings of 3 days/meeting (adjusted for 3% inflation).

Total = $3,085

F.1 Two high school students for three weeks at $300/wk and adjusted for 3% inflation.

F.2 $1,648 - One trip for the two high school students to attend an annual meeting like the
American Association of Physics Teachers or Division of Nuclear Physics of the APS and
adjusted for 3% inflation.

I - 52% of wages, salaries, and fringe benefits.
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Supercomputing for Physics Research at the University of
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University of Richmond
0.00 0.00 0.50

Nuclear and Particle Physics Research at the University of
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RUI: Nuclear Physics Research at the University of Richmond
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University of Richmond
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Facilities, Equipment, and Other Resources

Our nuclear physics group at the University of Richmond is supported by a computing cluster
developed in 2001 with NSF and University funds obtained by Gilfoyle and a former Richmond
faculty member (M.F. Vineyard now at Union College). This cluster is for the exclusive use of our
nuclear physics group though we support other Collaboration members who need it. The cluster
is, in turn, supported by an array of computers for software development and non-CPU-intensive
calculations and analysis. The system now consists of 34, dual-processor machines running the
Linux operating system and 3 TByte of RAID storage. Each machine has 18 GByte of disk space
and 256 MByte of memory. The entire system resides on its own subnet and another machine acts
as a firewall. It resides in a laboratory designed specifically for its needs which require a 5-ton,
60,000-BTU air conditioner to cool the room, an upgraded electrical panel, and a connection to
the building’s backup power. The support computers are located in an adjacent room. The entire
facility is in the Physics Department research area.

The Physics Department also has laboratories in environmental radiation (containing two large,
well-shielded germanium, gamma-ray detectors), a surface-physics, condensed-matter laboratory, a
biological physics laboratory, and facilities for theoretical work in astrophysics and nuclear struc-
ture.

The University has supported our research efforts in the past. One member of the University’s
Information Services is a linux expert and he devotes half of his time to academic projects including
support for the supercomputing cluster. He is responsible now for keeping the CLAS software up-to-
date, updating the linux software on the cluster and in our laboratory, and general troubleshooting.
The University also supports some undergraduate summer stipends for research. We have taken
advantage of those in the past to hire additional students and will continue to apply for those in the
future. The University also supports routine faculty travel to JLab. See the RUI Impact Statement
of more details on University support.

Jefferson Lab is 75 miles from the University of Richmond enabling us to maintain frequent
contacts with the scientific staff and users at JLab. Gilfoyle spends about 1 day each week at JLab.
This proximity enables us to take students on shift with us and to attend Collaboration meetings
and other events (i.e., some of our students attended the talk this summer at JLab by the Nobel
Laureate Dr. David Gross) for little cost. As mentioned above, the University supports routine
faculty travel to JLab. The University is a long-time member of the Southeastern Universities
Research Association (SURA) which manages JLab for DOE (now in partnership with Computer
Sciences Corporation). Gilfoyle acts as the University of Richmond’s representative to SURA.
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RUI Impact Statement: University of Richmond

The University of Richmond, established in 1830, is one of America’s premier private, highly se-
lective, independent liberal arts universities, with a rising national and international profile. An
ambitious 10-year strategic plan, approved in 2000, provides a strong momentum for the Univer-
sity’s future. Richmond has a full-time enrollment of approximately 3,600 enrolled in the schools of
arts and sciences, leadership studies, law and business. In addition, the University annually enrolls
more than 1,300 part-time students through its school of continuing studies. Over 90% of the full-
time undergraduates live on campus, more than half are involved in internships, 40% participate in
study abroad programs, and two-thirds participate in community service. The University’s small
size and diversity of programs enable and encourage inter-school and interdisciplinary projects with
a wealth of opportunities for student-faculty interactions. The University of Richmond is a place
where undergraduate students routinely engage in research alongside their professors, an experi-
ence more often found in large research universities. For eleven straight years, the University of
Richmond has been named the best master’s university in the South by US News and World Re-
port. At the end of 2004, the Carnegie Foundation for the Advancement of Teaching moved the
University of Richmond to the Baccalaureate Liberal Arts category from the Masters I category.
The reclassification resulted in Richmond being ranked 34th among ‘best liberal arts colleges’ by
US News and World Report’s ‘America’s Best Colleges’ issue, which also named Richmond in its
list of ‘Great Schools, Great Prices.’ Richmond has been given the highest ranking of four stars in
The Princeton Review’s 2005 ‘Best Colleges’ issue. (See http://www.richmond.edu.)

Students. The undergraduate population is approximately 3,000 (52% women, 48% men), with
outstanding students from nearly every state and about 75 foreign countries. About 12% of the
students are American students of color; about 5% are international. Out of 5,408 applications for
fall 2006, 767 matriculated; entering students had average SAT I scores in the 1850-2030 range.

There are a number of merit based scholarships for undergraduates that benefit hundreds of
students, with 50 significant scholarships for full tuition awarded annually under the Richmond
Scholars program. In addition there are one-half and partial tuition scholarships, including more
than 250 endowed funds. The University has need-blind admissions and is committed to meeting
100% of the demonstrated need of every student who enrolls. About 65% of our students receive
some amount of assistance, when we consider all sources and types of assistance.

Richmond is a coordinate residential college, with men and women students having separate
residences and governing structures. About 220 student organizations, including 33 honor societies
(among them ODK since 1921 and Phi Beta Kappa since 1928), offer opportunities for interaction,
leadership and community involvement. The University’s location in the state capital and just 100
miles from Washington, DC provides close proximity to state and national governments as well as
a wealth of financial, cultural and civic organizations, insuring students a variety of internship and
service-learning opportunities as well as access to major research centers. The University also hosts
four projects conducted by the Pew Charitable Trusts — on civic change, state initiatives, food
and biotechnology, and election reform — all of which offer research and internship opportunities
for students.

Faculty and Research. There are 326 full-time faculty members at all ranks, 244 at the assistant
level or above, of whom 98.4% hold the Ph.D. or the equivalent terminal degree in their field. Women
and minorities make up about one third of the faculty. The student-faculty ratio is 9.4 to 1; all
classes are taught by faculty, not graduate assistants.
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Faculty members routinely integrate their research into teaching and engage students as re-
search assistants, collaborators, co-authors and co-presenters at national conferences. Each year,
Richmond faculty members make invaluable contributions to society through their research, and
have attracted more than $9.8 million in research grants over the past five years, in addition to
more than $11.8 million in grants for other non-research projects. Among the topics studied by
faculty are tumor growth and cancer treatment, neuroanatomy and the effects of pregnancy on
behavior and learning, nuclear physics, proteins involved in metabolism and disease, specification
of lymphatic heart myoblasts, interactions in oligomeric proteins, biologically enhanced metallic
nanoparticles, morphology of the frog genus Leptodactylus, strategic entrepreneurship, paternal in-
volvement among African Americans, the impact of the growing Hispanic population on the Greater
Richmond community, and an array of other topics.

The University of Richmond is a recipient of a 2004 Undergraduate Science Education Program
grant from the Howard Hughes Medical Institute. A challenge grant from the Kresge Foundation
in 2004 supports scientific instrumentation. Grants also have been provided by the National Sci-
ence Foundation; National Aeronautics and Space Administration; National Institutes of Health;
National Endowment for the Humanities; U.S. Departments of Energy, Education, and Defense;
National Park Service; CIES-Fulbright; American Chemical Society - Petroleum Research Fund;
Research Corporation; Camille and Henry Dreyfus Foundation; Jeffress Memorial Trust; Jessie
Ball duPont Fund; Association for Public Policy Analysis and Management; Associated Colleges
of the South; Virginia Foundation for the Humanities; and other local and national foundations,
corporations and government agencies.

Strategic Plan and the Sciences. The University completed a campus-wide strategic planning
process in 2000. The resulting strategy is to combine at Richmond the best that higher education
has to offer tomorrow’s leaders: a synthesis of teaching and research, knowledge transmission and
knowledge creation, intellectual growth and character development, liberal arts and professional
education. The Science Initiative is the highest priority in the strategic plan, and includes a
revision of the curriculum and comprehensive upgrade of the science facilities. The Science Initiative
includes more than $60 million in program enhancements and a $35 million renovation of the
Gottwald Science Center. Renovations began in the spring 2003 and were completed in spring
2006. The results will provide increased opportunities for faculty-student research; addition of up
to 18 new science faculty, bringing the total to 44; greater emphasis on interdisciplinary studies such
as new majors in biochemistry, molecular biology, interdisciplinary physics, and a 3-2 engineering
program; state-of-the-art instrumentation in every laboratory; and the development of innovative
science experiences for non-science majors. We have developed working relationships for faculty
and students to participate in research at such sites as the Massey Cancer Center in Richmond,
Thomas Jefferson National Accelerator Facility in nearby Newport News, and Yale University.

The University is committed to encouraging women and minority students toward careers in
the sciences, through active recruiting of high school students interested in the sciences, by offering
merit scholarships, by nurturing them through peer mentoring for academic progress and socializa-
tion, and through faculty advising and guided research experiences. Efforts are ongoing to increase
the number of American minority students. The Pre-Health Advisor will help students achieve
acceptance at graduate or medical schools. An increasing number of female students are electing
to major in the sciences, and the University is committed to their success. The Women Involved in
Living and Learning (WILL) Program is a University program, replicated elsewhere, that strength-
ens and expands the leadership qualities, analytical skills, and self-esteem of undergraduate women
through Women’s Studies coursework and women/gender-focused programming experiences, often
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including the sciences. The University has increased the number of female science faculty members,
and at present 32% of the science faculty are women, as are many of the science lab managers and
adjunct professors.

Richmond has made great strides toward the strategic plan’s goals for the sciences. Several
private foundations have responded to our science initiative plan, including the Arthur Vining Davis
Foundations, as have the NSF and NIH. A number of proposals are pending with, or soon to be
submitted to, other national foundations in support of Science Initiative objectives.

Because of our strong foundation in the sciences, in 2001-02 the National Science Foundation’s
Major Research Instrumentation (MRI) program awarded $480,694 to the Chemistry department
for acquisition of a High Field NMR, and $151,758 to the Physics department for the development
of a computing cluster for nuclear physics research. In July 2003, the University received two
additional NSF-MRI grants — one of $304,714 to acquire a new mass spectrometer in Chemistry
and one of $347,005 for new electron microscopy equipment in Biology. The University received
two 2001-02 NSF Course, Curriculum and Laboratory Improvement program awards, plus another
in 2003-04. About ten faculty members have current NSF grants for scientific research, nearly all
of which support one or more students in summer research.

The National Institutes of Health have supported research at the University of Richmond
as well, including a grant of more than $600,000 for ‘Memory Self Efficacy and Memory Perfor-
mance in Adulthood,’ and smaller AREA grants for explorations in anti-tumor processes, lymphatic
heart muscle myoblasts, the effects of reproduction on addiction, and ‘Pregnancy and Neural and
Behavioral Plasticity in the Female.’

Internal funding from the University of Richmond supports faculty and student research,
including faculty summer stipends, research and travel grants, and undergraduate and graduate
student research grants, summer fellowships and travel grants. Applications for the faculty grants
are peer-reviewed, and in 2003-04, more than $164,000 was awarded. In 2004-05, the University
awarded more than $197,000 in grants to support undergraduate student research projects. In
addition, the University supports faculty research by offering start-up funds in the range of $80,000
- $100,000 for new faculty in the sciences, one-semester research leave for new faculty in their fourth
year, full-year sabbaticals to faculty after seven years, topping-off funds for faculty receiving partial
sabbatical support from external grants, and reduced teaching loads when research demands it.

The Department of Physics. The Department of Physics consists of seven teaching faculty
and we graduate about 4-8 physics majors each year and currently have thirty-four students in our
upper-level courses. From last year’s graduating class two students have gone on to graduate school
in physics at Johns Hopkins and Kentucky including one in nuclear physics at Kentucky. There are
no graduate students. The faculty are active in experimental nuclear physics (Gilfoyle), astrophysics
(Bunn), experimental nuclear structure physics (Beausang), theoretical nuclear structure physics
(Fetea), surface physics (Trawick), and biological physics (Lipan). There is considerable external
support from the Department of Energy (two grants), the National Science Foundation (two grants),
and NASA (one grant). We emphasize undergraduate involvement in research from early in the
students’ careers. Students that are involved in undergraduate research are more likely to attend
graduate school and to be successful after college. In the summer of 2006 fifteen of our physics
majors participated in research at Richmond, JLab, Yale University, and the University of Notre
Dame. They have accomplished much in their research careers. Eighteen have given presentations
on their work at local and national meetings in the last year. Nine of our students will be presenting
posters at the fall, 2006 meeting of the Division of Nuclear Physics (DNP) of the American Physical
Society from the experimental nuclear and nuclear structure groups and the theoretical nuclear
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structure group. Some of these students obtained travel support in fall, 2005 and again in fall,
2006 from the Conference Experience for Undergraduates program of the DNP. We have also been
successful in attracting under-represented groups. Of the fifteen people that did summer research
in the summer of 2006 eight of those students were women and two were African-American men.
They are integral parts of our research efforts and are deeply involved in many aspects of the physics
programs.


